• Background and Aims The Berg hypothesis proposes that specialized-flower traits experience stronger stabilizing selection than non-floral structures and predicts that variation in specialized-flower traits will be mostly uncorrelated with variation in non-floral traits. Similarly, adaptive-accuracy theory predicts lower variation (as a proportion of the mean) in floral traits than in non-floral ones. Both hypotheses can be extended to comparisons between floral traits, where different parts of the flower can be expected to experience different strengths of stabilizing selection, resulting in contrasting patterns of variation. The present study tests these ideas by analysing variation/covariation in those floral traits influencing the location of pollen placement on, and stigma contact with, pollinators ('pollinationmechanics traits', PMTs) in relation to variation/covariation in non-floral traits and floral traits not directly involved in the mechanics of pollination. The prediction was that PMTs are canalized (buffered against genetic and environmental variation) relative to attraction traits, as manifested in lower variances and modular independence.
INTRODUCTION
Morphological variation within and among populations and species has both puzzled and fascinated evolutionary biologists from Darwin's days onwards. Why do some traits vary widely within species and others very little? Why do some traits covary and others not? A number of approaches have been taken to explain differences between traits in the degree of withinpopulation variation and covariation. One of the earliest and most cogent hypotheses about patterns of trait variation and covariation in flowers was put forward by Raissa Berg [1960;  but see also Stebbins (1951) and Sporne (1954) for earlier, contrasting approaches]. She and subsequent researchers have emphasized the role of natural selection in generating these patterns (see reviews and discussions in Conner and Sterling, 1996; Armbruster et al., 1999 Armbruster et al., , 2004 Armbruster et al., , 2014 Hansen et al., 2007; Pélabon et al., 2011 Pélabon et al., , 2013 Murren 2012; Conner and Lande, 2014; Wanderley et al., 2016) , but other factors, such as genetic and developmental constraints, can also be involved (Gould and Lewontin, 1979; Gould, 2002) . The 'Berg hypothesis' in its original form can be summarized as the expectation that the variation in traits of specialized flowers will be largely uncorrelated with variation in vegetative and other non-floral traits (Berg, 1960; Conner and Lande, 2014) . In modern terminology, the original Berg hypothesis proposes the modular structure of traits (Wagner and Altenberg, 1996) , with floral traits forming a separate module from vegetative traits. The Berg hypothesis can be extended to expecting the existence of multiple trait modules within flowers ('intra-floral modularity'), due to differences in the form or strength of natural selection acting on different floral structures (Ordano et al., 2008; Diggle, 2014) ; we can call this the 'extended Berg hypothesis'. The predictions of the Berg hypothesis can also be broadened from the expectations about correlations between traits to other statistical properties, including proportional variances (Fenster, 1991; Armbruster et al., 1999) and steepness of regression slopes (Armbruster et al., 1999) ; we can call these the 'broad-sense predictions' of the Berg hypothesis.
PART OF A SPECIAL ISSUE ON ECOLOGY AND EVOLUTION OF PLANT REPRODUCTION
In the present study, we focus on floral and inflorescence traits of ten congeneric plant species. Given a set of morphological characters measured across a series of related species, what can we learn about the variational consequences of inferred variation in the shape and intensity of selection on floral and nonfloral traits with different functions? We might expect that some floral traits (e.g. style length) have experienced more stringent stabilizing selection (narrower adaptive peak), and thus show less variation, than other traits (e.g. petal length), while yet others (e.g. plant stature and inflorescence size) might be selected to be plastic and thus show even greater variation. More precisely in the present context, we wish to know if there are differences in variation (reflecting past differences in intensity of selection) in those floral traits involved in placing pollen on, and retrieving it from, pollinators [style and stamen lengths (Armbruster et al., 2009a) ], as compared with traits involved only in attracting pollinators' attention (e.g. lengths of calyx or corolla lobes, when these are not involved in positioning the pollinators relative to the fertile parts).
Pollination accuracy
Pollination accuracy is an application of the 'adaptive-accuracy' theory (Hansen et al., 2006; Pélabon et al., 2012) to flowers (Armbruster et al., 2004) . Both of these concepts have been discussed in detail elsewhere (Armbruster et al., 2009a (Armbruster et al., , 2009b Pélabon et al., 2012) and are only briefly reviewed here. For example, we can think about the average position of pollen on pollinators being close to, or far from, the best place on the pollinator for being transferred to stigmas of other conspecific flowers (i.e. high or low 'optimality', respectively). But we can also think about the precision or imprecision of pollen placement, such that most pollen is close to or far from the population mean (degree of consistency or 'precision'), whether or not the mean position is near the optimum. These two components are additive and, in theory, together determine pollination fitness (other things being equal). The utility of distinguishing between optimality and precision for the present study is that a plant population can respond to selection for improved pollination accuracy by either (1) increasing the match of the mean of the trait across flowers to the optimum [increase optimality (e.g. Conner and Via, 1993; Armbruster et al., 2009b) ] or (2) increasing trait precision so that the flowers have more consistent morphologies, ideally closer to the optimum trait values. This second adaptive response can come about through establishment of modularity, facilitating trait canalization and lower within-individual and within-population variation in flower morphology (Armbruster et al., 2004 (Armbruster et al., , 2009a , the subject of the present study.
The evolution of modularity increases pollination accuracy by reducing trait imprecision (but not necessarily increasing the optimality of the trait mean). Note that we are concerned here primarily with 'fundamental pollination accuracy', which is based on measurements of those floral organs influencing where pollen is deposited and where stigmas contact pollinators [versus 'realized accuracy' as detected from observations where pollen actually is on the pollinators (Armbruster, 2014) ].
We therefore expect some traits to be under more stringent selection for both precision and optimality than others, as noted above. For example, following adaptive accuracy theory, we predict that pollination-mechanics traits (PMTs; also called pollination-efficiency traits), which control where pollen is placed on the pollinator and where stigmas contact the pollinator, will be selected for greater precision (lower intra-population variation) than non-floral traits and floral traits that do not affect the mechanics of pollen placement and pickup, at least in flowers with bilateral symmetry and consistent pollinator orientation (as noted by Berg, 1960) . This is because any plants in the population producing flowers that place pollen in locations where conspecific stigmas do not normally contact the pollinator will be at a reproductive disadvantage (depressed male component of fitness). The same is true of plants producing flowers with stigmas contacting pollinators in locations where pollen is rarely placed by other conspecific flowers (depressed female component of fitness). (Note than when the petals and sepals are involved in mechanical positioning of the pollinator or play a role in precise mimicry, as in pseudocopulatory orchids, it may be the perianth that shows minimal variation.) In the case of Stylidium, we thus expect that the length of the pollen-retrieving structure (femalephase column) should closely match the population-average length of the pollen-depositing structure (male-phase column) and vice versa.
Canalizing selection on flowers
Both 'canalization' and the relationship between 'canalizing selection' and stabilizing selection deserve clarification. As used here, 'canalizing selection' is a form of stabilizing selection whereby genotypes that render developing individuals particularly sensitive to maladaptive genetic variation or environmental variation (high plasticity) are eliminated from the population (Schlichting and Pigliucci, 1998; Wolf et al., 2004) . In other words, canalizing selection favours mechanisms that allow individuals to achieve target phenotypes, a result of which is reduced variation within individuals or clones (e.g. across repeated structures on a plant, such as leaves or flowers) and therefore also in the population. In contrast, stabilizing selection is any selection that trims the extreme trait values, with or without any effect on developmental stability or phenotypic canalization. In both cases, if selection operates equally against both extremes of phenotype, the population variance will be reduced (at least temporarily) and the mean will remain stable. Thus, in plants, pure stabilizing selection will lead to a decrease in populationlevel variation of a floral trait in the next generation without decreasing average within-plant variation in that trait. In contrast, canalizing selection will lead to decreases in both withinplant variation and total population variation of the floral trait.
[Note that if we think of evolution by means of natural selection as a two-step process, (1) phenotypic selection and (2) genetic response to selection, as we and many others prefer (Lande and Arnold, 1983 ; but see Endler, 1986) , then 'canalizing selection' is technically shorthand for an evolutionary response, involving canalization, to stabilizing phenotypic selection.]
Canalization thus reduces phenotypic variation, presumably through some homeostatic mechanism. Although canalization has been viewed as a developmental constraint on evolution, in the present context it can be viewed as adaptive, because it reflects response to selection for phenotypic precision. Environmental canalization refers to buffering against environmental perturbation of the phenotype (plasticity), resulting in reduced environmental variance in the quantitative-genetic sense. In contrast, genetic canalization refers to buffering against genetic perturbation of the phenotype [reducing genetic variance, in the quantitative-genetic sense, at the population level (Masel and Siegal, 2009)] .
Both persistent canalizing selection and stringent stabilizing selection (as is the case with a high, narrow adaptive peak) will generally result in lower 'proportional variation' (i.e. variation as a proportion of the trait mean, as seen in coefficients of variance and analysis of Ln-transformed data; Lewontin, 1966) in target traits in the population compared with traits not under such selection. In addition, both types of selection may weaken covariation with correlated traits not under selection, as reflected in reduced absolute values of correlation and/or regression coefficients, reflecting modularization (Wagner and Altenberg, 1996; Armbruster et al., 1999; see below) .
Intra-floral modularity
'Modularity' describes patterns of covariation where some traits may covary among themselves, but are together largely independent of other traits. This pattern can be the result of canalizing selection acting on some traits but not others (Wagner and Altenberg, 1996; Armbruster et al., 2014) . Berg (1960) , and subsequent researchers have shown that morphological features of flowers tend to vary less and be uncorrelated with variation in vegetative traits; this has been interpreted as probably reflecting stronger stabilizing or canalizing selection acting on floral structures than vegetative structures. Indeed, vegetative traits such as leaf size, plant stature and even inflorescence size are likely to exhibit adaptive plasticity, where, in better environments (e.g. good soil) larger stature and production of more flowers are favoured. In contrast, flowers on plants in unusually good soil are visited by the same pollinators as the rest of the population, and these pollinators impose the same selective pressure as elsewhere. This difference in advantages and disadvantages of plastic responses to environmental variation will select for reduced phenotypic covariation between floral and vegetative traits, i.e. formation of two or more modules via parcellation (Wagner and Altenburg, 1996 ; see also Berg, 1960; Sterling, 1995, 1996; Armbruster et al., 1999 Armbruster et al., , 2014 Conner and Lande, 2014; Diggle, 2014) .
Differences in the strength of canalizing selection acting on different organs within flowers (and resulting patterns of intrafloral modularity) have received much less attention in the literature (but see comments in Armbruster et al., 1999; Pérez et al., 2007; Ordano et al., 2008; Diggle, 2008, 2010; Diggle, 2014; Fornoni et al., 2016; Heywood et al., 2017) . This is unfortunate, because understanding genetic responses to different selective pressures acting on floral parts that are otherwise expected to be developmentally integrated is particularly interesting from the perspective of how the architecture of the G matrix, involving pleiotropy, epistasis and development, evolves in response to selection generated by changes in ecological function.
Another gap in our understanding of intra-floral modularity results from how we search for modules. Berg (1960) and most subsequent studies (see reviews in Murren, 2012; Diggle, 2014) have focused on correlation statistics, where traits in different modules are expected to be more weakly intercorrelated than traits in the same module (Conner and Lande, 2014) . However, as Armbruster et al. (1999) pointed out, sometimes selection appears to have reduced the steepness of the allometric slope of one trait against another, without weakening the correlation coefficient, resulting in less phenotypic deviation from an (inferred) underlying optimum (i.e. increased adaptive precision). In other words, variance reduction in response to stabilizing selection can happen though: (1) reduced covariation with other traits that vary (e.g. reduced sensitivity of flower traits to among-branch or amongindividual variation in the local environment, vasculature or hormone titre); (2) reduced random variation that is independent of other traits (e.g. increased developmental stability of floral traits); or (3) a combination of the two. The first of these leads to shallower allometric slopes (more negative allometry) and smaller correlation coefficients. The second leads (with covariance constant) to greater adaptive precision but sometimes larger correlation coefficients (Fig. 1 ). Assessing modularity with correlations alone could thus potentially lead to missing the phenotypic signature of past adaptive canalization and modularization.
In the present study, we attempt to address some of the gaps in our understanding noted above. We assess the modular patterns of floral traits, paying special attention to the pollination function of traits and the expected likelihood of selection for adaptive precision and canalization (Armbruster et al., 2009a) . Specifically, we compare patterns of variation in traits expected to be under tight stabilizing and/or canalizing selection [PMTs: length and exsertion of the column (= fused style + stamen tissues)] against those expected to be under weaker selection [attraction traits (specifically advertisement): corolla-lobe ('petal') sizes]. In addition, we consider non-floral traits (plant stature and inflorescence size) and floral traits that are not involved in pollination but instead may be selected for their plasticity (e.g. ovary size). We predicted that PMTs would constitute a phenotypic module, i.e. be buffered from variation in general flower size, and would exhibit lower proportional variation than both pollinator-attraction traits and non-floral traits. We thus expected inflorescence traits to belong to a separate module, along with leaves and stems (although none was measured). We suspected pollinator-attraction traits might form a third module (Fig. 2) . Based on previous research on other taxa, we suspected the ovary-hypanthium trait, anatomically a floral trait, would also, or instead, have linkages to non-floral traits, because of the potential importance of adaptive plasticity in seed production. We suspected that corolla-tube length might covary with PMTs, because of its role in the mechanical fit of pollinators, but also with corolla lobes (Fig. 2) , because corolla lobes are extensions of the corolla-tube tissue (Figs 3 and 4) . We test these and related predictions by examining patterns of modularity, variation and allometry of floral traits measured in flowers of ten triggerplant species (Stylidium, Stylidiaceae).
MATERIALS AND METHODS

Study system
Stylidium is a large genus (>300 species) in the family Stylidiaceae and comprises annual or perennial herbs and subshrubs, largely restricted to Australia. The flowers are unique among angiosperms in having staminate and pistillate tissues fused into a sensitive, motile column that, in most species, actively places pollen (~2-d male phase) or retrieves pollen (~2-d female phase) on or from, respectively, pollinating bee flies (Diptera: Bombyliidae) and/or bees (Hymenoptera: Apoidea) (Fig. 3) (Erickson, 1958; Armbruster et al., 1994) . In the male phase, pollen is released from two dehiscent anthers borne at the tip of the column. In the female phase, the anthers shrivel and are replaced at the tip of the column by the receptive stigma (Figs 3 and 4) . The column snaps forward instantaneously until it is at least parallel to the corolla lobes forming the landing platform [up to 180° swing in ~10-15 ms (Findlay, 1978) ] in response to contact by the pollinator's proboscis with the column base, as the pollinator obtains nectar (Fig. 4) (Erickson, 1958; Armbruster et al., 1994) . The location of pollen placement by a particular species of Stylidium on a given species of pollinator is relatively consistent (though it differs among pollinator species), and stigma contact with the pollinator is even more so (Armbruster et al., 1994 (Armbruster et al., , 2009a Armbruster, 2014) . Although most pollinator species move frequently between flowers of sympatric Stylidium species, stigmas of sympatric species of Stylidium generally contact these shared pollinators in different locations (Armbruster et al., 1994) . Because the staminate and pistillate tissues are fused (Figs 3 and 4) , the positions of anther contact with the pollinator can be expected to be very similar to the position of stigma contact.
Sampling and measurements
Ten perennial species were sampled across three sites in Western Australia's south-west region. They belong to four of Mildbraed's (1908) Measurements of up to 21 floral and inflorescence traits (Fig. 5) were made using a microscope with an ocular graticule by one investigator (J.A.W.) on one flower, and, where possible within the constraints of the specimens collected, one inflorescence, from each of 20 individuals per species collected widely across the spread of each local population and preserved in 70 % ethanol. Note that, because the Stylidium ovary is inferior and it was not dissected out, the single measurement of ovary length necessarily included the hypanthium. The trait was thus one length measurement, referred to below as 'ovary + hypanthium length' or length of hypanthium/ovary'. > r t r t+1 = Fig. 1 . Alternative evolutionary responses to canalizing selection on an environmentally variable trait, y, which is correlated with a trait, x, that is not under canalizing selection. All points together indicate original distribution of trait values at time = t. Blue points are trait values removed by episodes of canalizing selection; red points are trait values remaining at time = t + 1, after evolutionary response to canalizing selection. Note that because these are log-log plots, the spread of points on both axes indicates the mean-proportional variation. (A) Variance in y is slightly reduced, while covariance is greatly reduced and y-x correlation decreases to near 0. (B) Covariance and variance in y decrease similarly so that slope is reduced (negative allometry) but correlation remains similar. (C) Covariance remains similar but correlation increases as 'random' variance in y is reduced through canalization (e.g. greater developmental precision). The change in correlation coefficient depicted in (A) is consistent with the Berg prediction; that depicted in (B) may or may not be consistent, and if the former, support would be hard to detect; that depicted in (C) is inconsistent with the Berg prediction.
Assessment of repeatabilities (see below), exploratory multivariate analyses (factor analyses) and analysis of isometric functions were conducted on the original untransformed data to facilitate ease of biological interpretation. However, comparisons of levels of variation (standard deviations) and allometric slopes were conducted on natural-log (Ln)-transformed data because the standard deviations and means were highly correlated across all traits and all species [range of correlation coefficients across species: 0.63-0.99; overall mean r = 0.96 (variables and species pooled)]. This transformation largely eliminated the heteroscedasticity caused by the mean-variance correlations, stabilized the variances (sensu Lynch and Walsh, 1998, p. 300-302) and allowed comparisons of mean-proportional variation across species and traits of different sizes (Lewontin, 1966) , which is critical when assessing the evolution of plasticity, developmental stability and developmental trajectories (Simpson et al., 1960, p. 89-95; Lewontin, 1966; Snedecor and Cochran, 1980, p. 37; Lynch and Walsh, 1998, p. 305-307) . To assess the effect of transforming the data on our conclusions, all variance and regression analyses were repeated with the untransformed data and compared with the results of the analyses of the transformed data.
The same investigator who made the original measurements (J.A.W.) subsequently made repeated measurements on one flower from each of ten individuals from each of three species in order to allow estimation of measurement error. Each of the 30 flowers was measured twice, in two rounds of measurements, with the repeated measure taken on the same day, but not consecutively, to avoid remembering previous measurement values. Repeatabilities were estimated by calculating the ratio of the among-flower variance to the total variance (= among-flower variance + within-flower variance) (Wolak et al., 2012) . Repeatabilities of each trait were assessed and also related to mean trait sizes using logistic regression (all traits and species pooled; N = 51). Variation in repeatabilities was in part explained by trait size (Fig. 6 ). Traits with repeatabilities <90 % in two or more of the three species analysed (specifically anther-sac length and width and stigma length and width) were excluded from the analyses that follow.
Exploratory search for modules
In order to examine the covariation patterns of inflorescence and floral traits and find evidence for floral and intra-floral modular structure, on each species we conducted a separate factor analysis, based on principal components analysis followed by varimax rotation, on all measured traits except those excluded because of low repeatability. The principal components analysis had to be run on the correlation matrix rather than on the variance-covariance matrix because the large differences in trait sizes appeared to preclude extraction of multiple axes from the latter matrix, defeating our purpose. We expected inflorescence-size traits to be indicators of general plant stature, and hypanthium length (inferior ovary + fused hypanthium) to be an indicator of general flower size (and these traits were usually correlated). We included generally 12 floral traits, and for those species where they were measured, three non-floral traits; all traits were linear measurements and no transformations were employed. Each trait was assigned to the axis (≈ module) with its highest loading, except when maximum loadings were nearly equal across two axes, in which case the trait was reported as ½ on each of the two axes (e.g. axis 1, ½ hypanthium; axis 2, ½ hypanthium). Most traits in all species loaded primarily on one or, sometimes, two axes. Other (lower) loadings were ignored. Only axes with eigenvalues ≥1 were retained, and this determined the number of modules listed in Table 2 .
Testing hypothesized modular structure in the light of floral function and pollination accuracy
We used the covariance-ratio (CR) test (Adams, 2016) , as implemented in the R package geomorph (Adams and Otárola-Castillo, 2013) , to assess support for possible floral/non-floral and intra-floral modular structure as predicted from pollination-accuracy theory. The test is based on the ratio of overall between-module covariation to the overall within-module covariation as captured by: where S 11 and S 22 are the covariance matrices within modules Y 1 and Y 2 respectively, S 12 and S 21 are the covariance matrices between modules, and * indicates the replacement of diagonal elements with zeroes (see Adams, 2016 , for details). If more than two modules are defined, the average pairwise CR coefficient is utilized. This ratio varies from 0 to infinity, with values near 1 being, theoretically, the random expectation. Values between 0 and 1 indicate modularity, and values much greater than 1 indicate integration.
(However, when a small number of traits is used, as is the case here, the structure of the data being randomized can affect the null ratio, and, as the results below show, null ratios can be >1.) Permutation tests were conducted, where columns (trait measurements) were swapped randomly in and out of the assigned modules, so that the number of modules and number of traits per module were preserved (as well as the actual trait data). These are presented as P-values, but results should be interpreted cautiously due to multiple comparisons and low power caused by the limited number of traits (6-12) being analysed. Nominally 5000 permutation swaps were conducted for each analysis, but some portion would be redundant as a result of the above limit. Nevertheless, the permutation test yields a valuable indication of the strength of departure from random in the direction of modularity. (No permutation tests of integration were conducted.)
We developed seven sub-hypotheses (models) about modularity related to Berg's (1960) original hypothesis. The models varied in the number of modules and the distribution of floral and non-floral traits (Tables 2 and 3 ). Berg 1 was the basic twomodule Berg model, with all non-floral traits in one module and all floral traits in a second one; Berg 1.5 was as Berg 1 but with the ovary + hypanthium length included in the non-floral module rather than the floral module. Berg 2 had traits arranged as in Berg 1, but the ovary + hypanthium trait was excluded. Armbruster et al. (1994) , showing male and female stages and the column in the 'cocked' position. This species was not measured for this study but illustrates clearly functional aspects of Stylidium flowers. In this species the anther sacs are positioned on the adaxial surface of the column head, while the stigma emerges from the tip of the column. Nevertheless, the positions of pollen placement on, and stigma contact with, the pollinator are very close. Berg 3 was as in Berg 1, but the four petal traits were included in the non-floral module; Berg 3.5 was as in Berg 3, except that the ovary + hypanthium length was placed in the non-floral module. Berg 4 had three modules, with all non-floral traits in the non-floral module, PMTs included in one floral module, and petal traits and ovary + hypanthium length placed in a third module. Berg 4.5 was as in Berg 4 except that the ovary + hypanthium length was included in the non-floral module. We then conducted a series of CR tests (see above and Table 3 ) and compared support for these alternative models by conducting a meta-analysis across species. Only the six models that included all traits were assessed in this way (the Berg-2 model had a different number of traits and was not included in the meta-analysis). We assessed the degree of deviation from random using multinomial and binomial tests (Conover, 1980; Sokal and Rohlf, 1981) conducted in R (R Core Team, 2018) against the null hypothesis that, for a randomly chosen species of Stylidium, the six models of modularity are equally likely to provide the best fit to the data collected. The use of the multinomial and binomial tests in this context (and in analyses described in the next paragraph) assesses the degree of deviation from equi-probable 'success' of the six models, but P-values should be interpreted only as indicative of strength of support, not strict statistical probabilities.
In a separate analysis focused on floral traits alone, we used covariance ratios to detect possible patterns of intra-floral modularity for each species. Using insights from expected developmental and functional relationships, we established four alternative hypotheses of module occupation by traits, arranged in a combinatorial matrix (Table 4) . We contrasted two basic expectations: (1) that parts of the same whorl or tissue origin should be developmentally integrated and form a module; specifically, corolla lobes ('petals) and corolla tube in one module with ovary/hypanthium and column in a second module; or (2) that PMTs and non-pollination-mechanics traits would instead form separate modules; specifically, column and corolla tube in one module and petal traits and ovary/hypanthium in a second module. We also swapped 'secondary' traits (corolla tube, hypanthium) in and out of core hypothetical modules to create two additional alternative modular arrangements for evaluation (Table 4) . We calculated CRs for each of the four trait-module combinations for each species. We then performed several simple meta-analyses using multinomial and binomial tests (Conover, 1980; Sokal and Rohlf, 1981) in R (R Core Team, 2018), again exploring strength of deviation from random (but not strict hypothesis-testing), assuming equal likelihoods of species 'occupying' any of the four traitmodule combinations. In other words, we used meta-analysis to assess the probability that the lowest CR value would be associated with one trait-module combination more often than expected by chance.
Using patterns of variance and allometry to test hypotheses of canalization
In this approach, we focused analyses on three key floral traits, again following the pollination-accuracy hypothesis.
We used static allometry graphs (where points represent individuals in a single population) to visualize the variation and covariation of one PMT (column exsertion length) and one attraction trait [length of A1 corolla lobe ('A1 petal')] in relation to one general flower-size trait (length of inferior ovary + hypanthium). All trait values were Ln-transformed prior to analysis, as is standard in allometric analysis. Note that we cannot rule out a small contribution of ontogenetic allometry to the allometry patterns, because we did not strictly control flower age, and we pooled flowers in male and female stages. However, comparisons of sizes of flower traits in the two stages indicated very little change with age over the 3-to 4-d span of anthesis (female-stage versus male-stage column lengths are compared in Fig. 7 ; other traits were also assessed but are not shown). Between-trait differences in allometric slopes, correlations with flower size, and trait precision (standard deviations) were tested across species using Wilcoxon's signed ranks test (Conover, 1980) . We used the above analyses on untransformed data for comparison with the results of analyses on the Ln-transformed data. 
il). (E) S. emarginatum showing scape length (sl) and inflorescence length (il). (F) S. obtusatum showing hypanthium length (h) and corolla tube length (ct)
. Additional traits that were coded but are not illustrated here are scape diameter (at widest point), flower number, column length (apex to base), reproductive phase (Fig. 1B, C) , anther locule length/width and stigma length/width. Photographs © J. A. Wege and K. Thiele (C).
RESULTS
Interspecific pollination accuracy
Pollination-accuracy theory (that pollen should be placed on pollinators' bodies where conspecific stigmas are most likely to contact them, and vice versa) predicts that the length of the column in the male and female phases of Stylidium flowers should be nearly identical (Fig. 4) . In comparing across species, this should create an isometric regression line with slope of 1 and intercept of 0. The regression of female-phase column length on male-phase column length showed this pattern (Fig. 7) .
Exploratory analyses of modular structure (factor analyses)
For five species out of the six with non-floral measurements, non-floral and floral traits were placed in separate modules by factor analysis (i.e. loaded on separate principal axes), with the exception of hypanthium length, which was usually associated with non-floral traits instead of, or in addition to, floral traits (five species) (Table 1 and Supplementary Data Table S1 ). Intra-floral modularity was less consistent. All but one species exhibited two or three floral modules (factor-analysis axes); only one axis of floral variation (module) was identified in S. diuroides. There was a trend towards pollination-mechanics (column) traits varying on a separate axis (module) from all (or all but one) of the eight corolla-lobe ('petal') traits (eight of ten species; sign test, P = 0.055). Floral-tube length generally loaded with column traits, at least partially (nine of ten species; sign test, P = 0.011; Table 1 and Supplementary Data  Table S1 ).
Note that the absolute number of factor-analysis axes (detected modules) is influenced by the arbitrary cut-off of the eigenvalue needing to be ≥1; only the relative number of modules detected across species is informative. This analysis also underestimates the degree of modularity because of how the staminate and pistillate functions are scored. The stamens and the style have fused to form the column. The column is, thus, itself a structural and functional module performing male functions first, followed by female reproductive function a day or two later. Figure 7 shows the evolutionary integration (among-species isometry) of these functions with respect to anther and stigma position relative to the base of the corolla.
Testing for floral versus non-floral modules with covariance ratios (Berg hypotheses sensu stricto)
Based on the results of the factor analyses and insights from pollination accuracy theory, we partitioned traits into series of hypothesized modules, yielding seven variants of the Berg hypothesis (Table 2) , plus an inferred null hypothesis of no modular structure (ranging from random distribution of traits to full integration into a single module). These were assessed by calculating CRs followed by permutation testing.
In all six species in which non-floral traits were measured, strongest support accrued for placing all non-floral traits and ovary + hypanthium length in one module, with all other floral traits in one (H B3.5 ) or two other modules (H B4.5 ). That minimum CR values (strongest support of modularity) would fall out in this pattern was unlikely to have been the result of chance (P = 0.0136, exact multinomial test, with assumption of equal probabilities across the six module models). This is clear support for ovary + hypanthium length belonging to the non-floral module and covarying with its members (Table 3) . Focusing on just the two best-supported models, support for H B4.5 was stronger than for H B3.5 (Table 3) , consistent with column traits belonging to a separate module from the other floral traits. However, this difference had no statistical support [P = 0.344, exact binomial test (one-way), tested against equal probabilities across the two module models]. This second outcome is explored in more detail in the next section. 
. In column 3, n indicates a trait not used in the analysis, bold indicates non-floral traits and italic indicates floral traits. The trait in parentheses (no. of flowers in inflorescence) was not included for all species because it was either not measured or not informatively variable. The traits encoded as numbers in column 3 occur in the following order: (1) scape (including inflorescence) length; (2) scape diameter; (3) number of flowers in inflorescence; (4) ovary + hypanthium length; (5) length of column exsertion beyond tube (straightened 'reach'); (6) total column length; (7) floral-tube length; (8) anterior petal 1 (A1) length; (9) A1 petal width; (10) posterior petal 1 (P1) length; (11) P1 petal width. Floral-tube length was excluded from the analyses of these hypotheses due to uncertainty as to whether it had primarily pollinator-fit or advertisement functions (or both).
See Table 4 
Testing intra-floral module hypotheses with covariance ratios: floral-function hypotheses
Support for the hypothesized functional trait-module combination [(column-tube) + (petals-hypanthium)] was particularly strong (Table 4) . Eight out ten species had minimal covariance ratios for the functional-modules combination, while two species had minimal covariance ratios for the development-modules combination [(tube-petal) + (columnhypanthium)] (Table 4) . (Note that the tube and petals are both corolla tissue, and the column is partly an extension of the ovary/hypanthium.) This outcome was significantly divergent from an even distribution of species across the four moduletrait models (exact multinomial test, with expected frequencies = 1/4, P = 0.0006). Focusing on the two best models, the functional-modules model was marginally better supported than the developmental-constraint model [P = 0.050, exact binomial test (one-way), tested against equal probabilities across the two module models].
Patterns of floral-trait variation
As a complement to analysis of variation and covariation in Ln-transformed data (below), we assessed variational patterns of untransformed data for different types of floral traits. Based on a priori expectations (Fig. 2) and factor-analysis results (Table 1) , we grouped floral traits (without inspection) as (1) floral-size-related (ovary + hypanthium length), (2) advertisement-related (A1 and P1 petal lengths and widths) or (3) pollination-mechanics-related (column length, column exsertion, corolla-tube length). When the standard deviation was plotted against the trait mean for each species, a clear pattern emerged. The standard deviations of size and attraction (advertisement) traits were generally larger than those for PMTs, but even more striking was that they fell out on a dramatically steeper slope than the standard deviations of the PMTs (Fig. 8) . The model of this overall relationship was strongly supported in a generalized linear model analysis [R 2 = 0.815 for the trait standard deviation explained by (1) the trait mean (F 1,74 = 164.4, P < 0.001), (2) the trait class (F 2,74 = 4.26, P < 0.018) and (3) their interaction (F 2,74 = 40.70, P < 0.001)]. The significant interaction indicated that the slopes were indeed divergent (Fig. 8) .
Allometric analysis of pollination-mechanics and attraction traits
The underlying hypothesis in this analysis was that traits affecting where pollen is placed on pollinators, and where stigmas contact them, should be proportionally less variable (more canalized) than attraction traits, and this may be reflected in weaker correlations (narrow-sense Berg prediction) or shallower allometric slopes (broad-sense Berg prediction). We test this hypothesis by comparing the covariation of one PMT (column exsertion) and one attraction trait (length of A1 petal) with general flower size as captured by the length of the inferior ovary and fused hypanthium (the bulk of the flower's biomass) across the ten Stylidium species. Under the extended Berg hypothesis (that some floral traits should be less variable than others), employing the narrowsense (correlation) test, we predicted the correlation between column exsertion and general flower size would usually be less than between petal length and general flower size. Under the hypothesis that selection for pollination precision has led to canalization of PMTs, we predicted less overall variation (smaller standard deviation of Ln-transformed data) in column exsertion than in petal length. We expected this would be associated with the weaker correlation noted above or else shallower static allometric slopes (regression coefficients) of increasing column-exsertion with increasing general flower size than for increasing petal length. Results of analyses of Ln-transformed data clearly supported the predictions of the pollination-precision hypothesis as mediated by shallower allometric slopes, but not so obviously the strict Berg (correlation) test as applied to flower parts (Figs 9-11 ; Table 5 , columns 3-5). In nine of ten species, PMTs showed lower variation (standard deviations) than attraction traits (i.e. were more canalized; Wilcoxon signed rank test, N = 10, T + = 2, P = 0.002), with canalization resulting largely from the more negative (shallower) allometric slopes in eight of these nine (Wilcoxon signed rank test, T + = 3, N = 10, P = 0.003). In only six of nine cases was reduced PMT variation relative to attraction-trait variation associated with weaker correlations with overall flower-size variation (phenotypic decoupling or 'Berg effect'), and this trend (across species) of reduced correlations of PMTs with flower size was not significant (Wilcoxon signed rank test, T + = 20, N = 10, P = 0.23). Interestingly, in three cases relatively shallow PMT slopes were associated with large (and significant or marginally significant) correlation coefficients (r > 0.6). The above analyses were repeated on the untransformed data, and similar, though weaker, trends were observed: correlations between PMTs and overall size did not differ significantly from correlations between attraction traits and overall size (T + = 21, P = 0.28), PMT regressions had shallower slopes than attraction traits (T + = 7, P = 0.015) and PMT variances were smaller than attraction trait variances (T + = 10, P = 0.04). Similar trends were evident when we corrected partially for possible phylogenetic pseudoreplication (Felsenstein, 1985) . The species sampled represent four distinct lineages (Table 1) , with four, three, two and one representative species from each. Based on lineage means instead of species values (Table 5) , we found that the variation (standard deviations) and allometric slopes of column exsertion (the PMT) were both lower than the corresponding values for the attraction trait (length of the A1 petal) (for variation, Wilcoxon signed rank test, T + = 0, N = 4, P = 0.05; for allometric-slope coefficient, Wilcoxon signed rank test, T + = 0, N = 4, P = 0.05). Although the trend was in the same direction for correlation statistics, it was not strongly supported statistically (Wilcoxon signed rank test, T + = 1, N = 4, P = 0.10). These analyses were repeated with untransformed data, again with similar results: PMT variation (standard deviations) was less than attraction-trait variation (T + = 0, P = 0.05) and PMT regressions had shallower slopes than did attraction traits (T + = 0, P = 0.05). Strengths of correlations again did not differ significantly between the PMTs and attraction traits (T + = 3, P = 0.25).
DISCUSSION
The narrow-sense prediction of the original Berg hypothesis was that floral traits of plants with specialized pollination will be, at most, weakly correlated with non-floral traits not interacting directly with pollinators (Berg, 1960) . In other words, floral and non-floral traits should belong to different variational modules Conner and Lande, 2014) . Consistent with this prediction, non-floral and floral traits of Stylidium were generally placed in separate modules by the factor analyses. Extending the Berg hypothesis to floral traits alone, following adaptive-accuracy theory, PMTs were predicted to vary less than, and somewhat independently of, attraction traits. Consistent with the hypothesis, column traits (PMTs) generally loaded on separate factor-analysis axes (modules) than petal (attraction) traits (eight of ten species). Floral-tube length also generally loaded with column traits, at least partially (nine of ten species; Table 1 ), which perhaps makes sense, because the point of stigma and anther contact with the pollinator is affected by the exsertion of the column beyond the corolla throat, which is determined by an interaction between total column length and corolla-tube length. Also, the position of the pollinator on the landing platform may be influenced by how long the corolla tube is relative to the pollinator's proboscis length. In all species with measured non-floral traits, results of the CR analyses supported placing all non-floral traits in a completely separate module (one of six species) or together in a module with the hypanthium (five of six species). This again supports Berg's (1960) basic hypothesis, in the broader sense, that variation in traits interacting with pollinators should be independent of variation in traits not interacting directly with pollinators, especially for those traits likely to exhibit adaptive plasticity (e.g. leaf size, plant stature and possibly ovary size).
Regression of the standard deviations on the means of untransformed trait values confirmed strong correlations between the two across species, supporting the use of log transformation elsewhere. When traits were grouped into categories by function (general size, attraction and pollination mechanics), it was clear that the trait categories followed at least two different trajectories of increasing standard deviations with trait size (Fig. 8) . The standard deviations of PMTs increased more slowly with the mean than the standard deviations of size and attraction traits, as predicted by extension of the Berg hypothesis and by the pollination-precision hypothesis.
The allometric and variance analyses were arguably more effective than the traditional correlation approach in identifying how reductions in proportional variation was manifested, and in detecting support for canalization and modularity in critical floral traits. Indeed, correlation statistics were rather uninformative: they sometimes suggested canalization when there was probably none and sometimes suggested lack of canalization (and membership of a module) when the trait appeared to be relatively canalized (Table 6 ). Thus, correlation analyses provided little or no support for modularity or canalization of PMTs, whereas analyses of allometry and PMT is less integrated with general size than attraction trait (R PMT < R AT ), PMT has greater precision than AT (SD PMT < SD AT ), and, for 5 of 6 species, allometric slope is also shallower. (B PMT < B AT ).
Example
Stylidium species pulchellum* uniflorum carlquistii petiolare* (m)
proportional variance provided quite strong support. Only six of the ten species had PMTs with weaker correlations with general flower size than did attraction traits, and these differences were usually small (Table 5 ; Wilcoxon signed rank test, P = 0.23). In contrast, the allometric slopes of PMTs were usually (nine of ten species) considerably shallower than those of attraction traits, and the proportional variation was also significantly lower (Table 5 ; Wilcoxon signed rank test, P = 0.003 and P = 0.002, respectively), providing unequivocal support for the pollination-precision and Berg hypotheses. There was also an indication that random developmental noise is better controlled in PMTs, and that the remaining covariance reflects unavoidable developmental or genetic constraint(s) (for example, compare the dispersion of column lengths with the dispersion of petal lengths in Figs 9-11 ). Thus, we suggest that the Berg hypothesis should not be rejected because correlation statistics to do meet the narrow-sense statistical prediction. We have shown that PMTs are usually less variable phenotypically than other floral traits and also exhibit modularity relative to them. This is at first surprising, because Stylidium is ecologically generalized in its pollination [i.e. serviced successfully by several functional groups and many species of pollinators (Armbruster et al., 1994; W.S.A., unpubl. res.) ], contrary to the specialized pollination qualifier of the Berg hypothesis. We suggest that the critical factor in the evolution of both floral and intra-floral modularity is not the ecological generalization or specialization of pollinators and pollination per se, as suggested by most researchers since Berg (1960) (see critical discussion in Conner and Lande, 2014) , but instead the degree of phenotypic specialization (sensu Ollerton et al., 2007) of the flowers themselves, e.g. bilateral symmetry, lateral orientation of flowers [these were originally identified as criteria by Berg (1960) herself], and other factors, such as the specific location of the trigger point of the column, that force the pollinators to orient themselves consistently relative to the fertile parts. Stylidium flowers are indeed bilaterally symmetrical and often laterally oriented (facing sideways), enforcing positional consistency (but not floral constancy) on their diverse pollinator fauna.
The present study does not take phylogeny fully into account in the lineage-corrected analyses presented. Preliminary molecular-phylogenetic data show that the ten sampled species capture a reasonable amount of the phylogenetic diversity of Stylidium (four lineages representing four sections). Also, the degree of modularity of PMTs appears to be evolutionarily labile, as indicated by the diversity of patterns seen within lineages (e.g. the Despecta lineage; Fig. 11 ; note asterisked species in Table 6 ). That variation within lineages appears to be as great as that between lineages suggests that our statistical conclusions are not inflated by phylogenetic pseudo-replication (Felsenstein, 1985) . This observation is reinforced by the fact that the patterns exhibited by lineagemean correlations, standard deviations and allometric slopes were essentially the same as those detected in the original species comparisons. We certainly do not assert here that the results obtained from the study of ten Stylidium species can Length of the column in the female phase generally equals that in the male phase, and the two covary closely across the ten study populations/species. Because a slope of 1 (isometry) was our expectation, we chose not to transform these data in order to make direct interpretation easier. (Ln-transformed and untransformed data have the same slope with isometry.) The near-isometric pattern with an intercept near 0 means that each population/species places pollen in the same location, on average, as the stigma is likely to contact the pollinator, and vice versa. This degree of precision in pollination should select for environmental canalization of both column length and exsertion. The dotted line indicates the true isometric slope (slope = 1), with the intercept at 0.
be generalized to all angiosperms with phenotypically specialized flowers. Only parallel studies of other groups can assess the generality of our results. We suggest, as have others before (Armbruster et al., 1999; Ordano et al., 2008; Diggle, 2014) , that separate analyses of floral organs with different functions and/or developmental origins will provide us with better insights than pooled analyses of floral traits of diverse function and developmental origins. This applies to patterns of variation (e.g. testing hypotheses of canalization) as well as covariation (testing hypotheses of integration and modularity). The contrast between modularity models for traits with functional similarities versus modularity models for traits with developmental linkages can prove particularly informative.
We urge also that future research into patterns of variation and covariation of floral and non-floral traits takes an explicit adaptive-accuracy approach to the functional and fitness consequences of such variation. Phenotypic integration and modularity should not be expected automatically without an explicit hypothesis of functional or developmental connections. In turn, developmental connections may best serve as a null expectation against which to test hypotheses of ecological adaptation (such as canalization and patterns of modularity). Finally, an integrated view of accuracy, variation (precision) and covariation (modularity, integration) seems to be a good operational framework. After all, modularity of multiple traits allows the canalization of those traits under strict stabilizing Fig. 9 . Allometric regressions of column length (a PMT) and A1 petal length (an attraction trait) against hypanthium length for members of the Thyrsiformia and Juncea lineages (see Wege, 2012) . The dotted line indicates a slope of 1 (LnX = a + LnY), with an arbitrary intercept (a) (allowing the line to be in a convenient place).
selection (e.g. certain floral traits), while allowing possible adaptive plasticity in other (uncorrelated) traits (e.g. vegetative traits). At the same time, for those floral traits that cannot be completely stabilized for whatever reason, trait integration (tight covariation) may sometimes reflect optimal reproductive performance of flowers with traits that interact functionally in the pollination process, as appears to be commonly the case in the within-population correlations of lengths of stamens, styles and floral tubes (Conner and Via, 1993; Wanderley et al., 2016) .
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Table S1 : detailed results of factor analysis conducted on ten species of Stylidium. Ln (A1 petal length) Fig. 11 . Allometric regressions of column length (a PMT) and A1 petal length (an attraction trait) against hypanthium length for members of the Despecta lineage (see Wege, 2012) . The dotted line indicates a slope of 1 (LnX = a + LnY), with an arbitrary intercept (a) (allowing the line to be in a convenient place).
